Yeast mating signal transduction pathways require a heterotrimeric G protein composed of G␣, G␤, and G␥ subunits connected to a mitogen-activated protein kinase (MAPK) module. While in Saccharomyces cerevisiae elimination of G␣ induces constitutive activation of the mating pathway, in Kluyveromyces lactis it produces partial sterility, which indicates that K. lactis G␣ (KlG␣) is required to positively activate mating. We use physical interaction experiments to determine that KlG␣ interacts with the adaptor protein KlSte50p. The Ras association (RA) domain of KlSte50p favored interaction with the GDP-bound KlG␣ subunit, and when the KlG␣ protein is constitutively activated, the interaction drops significantly. Additionally, KlSte50p strongly associates with the MAPK kinase kinase (MAPKKK) KlSte11p through its sterile alpha motif (SAM) domain.
Genetic and biochemical studies on the pheromone response pathway in Saccharomyces cerevisiae have led to the generally accepted view that binding of pheromones to their respective receptors, Ste2p for ␣-pheromone on MATa cells and Ste3p for a-pheromone on MAT␣ cells, triggers the activation of a heterotrimeric G protein formed by the Gpa1p ␣ subunit, the Ste4p ␤ subunit, and the Ste18p ␥ subunit, followed by a cascade of phosphorylations through mitogen-activated protein kinase (MAPK) proteins that finally lead to transcriptional activation of genes, morphological changes often referred as "shmoo" formation, growth arrest by destabilization of G 1 cyclins, and mating competence (2) .
The GDP-bound G␣ subunit of the heterotrimeric G protein is associated with the G␤␥ dimer under unstimulated conditions. Binding of pheromone to its receptor induces exchange of GDP by GTP in G␣ and subsequent dissociation from G␤␥, which in turn activates the MAPK cascade. Disruption of the G␣ gene leads to constitutive signaling by G␤␥, which induces G 1 growth arrest and therefore haploid cell lethality (4, 5) . The free G␤␥ binds both the Ste5p scaffold protein and the Ste20p p21-activated kinase (PAK). This promotes membrane localization of the MAPK module composed of the MAPK kinase kinase (MAPKKK) Ste11p, the MAPKK Ste7p, and the two partially redundant MAPKs, Fus3p and Kss1p (2) . Activation of Ste11p is also promoted by action of the adaptor protein Ste50p (40) . Ste11p and Ste50p are constitutively associated through their sterile alpha motif (SAM) domains (10) , and while disruption of STE11 significantly affects mating (31) , cells lacking STE50 are moderately compromised for mating (28) .
In addition to the ability to suppress the growth arrestpromoting activity of G␤␥ and a role in transmitting the effect of receptor occupancy into G␤␥ activation, Gpa1 has been implicated in downregulating the mating signal (20, 33) , in the mediation of an adaptation response to pheromone (9) , and in the stimulation of phosphatidylinositol 3-phosphate production at the endosome (32) .
In the budding yeast Kluyveromyces lactis, the signal transduction system that mediates mating is triggered by K. lactis G␣ (KlG␣) and KlG␤ subunits of the heterotrimeric G protein (29, 12) . In contrast to results in S. cerevisiae, inactivation of KlG␣ in K. lactis does not affect cell viability but produces partial sterility (29) , and overexpression of KlG␤ has no effect on mating, but its inactivation produces total sterility (12) . Our present understanding of the pheromone response pathway in K. lactis indicates that both KlG␤ and KlG␣ trigger mating; however, KlG␤ is essential while KlG␣ is dispensable.
G␣ subunits modulating mating have been described in other yeast species. For example, Candida albicans has two G␣ subunits, one G␤, and one G␥. While G␣2 is implicated in cyclic AMP (cAMP) signaling and mating (3), G␣1 and the G␤␥ dimer are required for the pheromone response pathway. Loss of either G␣1 or G␤ produces full sterility (6), which indicates that both subunits are required for the transmission of the mating signal. In Cryptococcus neoformans there are three G␣ subunits: G␣1 regulates cAMP signaling (1) while G␣2 and G␣3 have opposite roles in response to pheromones. G␣2 activates mating, whereas G␣3 inhibits mating (8) . In Schizosaccharomyces pombe the pheromone signaling system is regulated by G␣1 alone, and it seems that a G␤␥ dimer has no role in this process (15, 30) . In all these species, nothing has been described regarding the putative G␣ effectors that mediate mating.
In this work we further characterized the signaling activity of KlG␣. We found a physical connection between KlG␣ and the adaptor protein KlSte50p, and we show genetic evidence indicating that the mating pathway in K. lactis is stimulated in part by the KlG␣-KlSte50 proteins.
(This work was presented by E. Sánchez-Paredes in partial fulfillment of the requirements for a Ph.D. in Ciencias Biomédicas from Universidad Nacional Autónoma de México.)
MATERIALS AND METHODS
Strains and media. K. lactis strains used in this work were 155 (MATa ade2 his3 ura3) and 12/8 (MAT␣ lysA argA ura3). S. cerevisiae strain W303-1A (MATa ade1 ura3 leu2 his3 trp1) was used for the bimolecular fluorescence complementation analysis assay and strain EGY48 (MAT␣ his3 trp1 ura3-52 leu2::pLeu-LexAop6) was used for two-hybrid assays. Escherichia coli strain DH5␣ was used to propagate plasmids. YPD medium consisted of 1% yeast extract, 2% Bacto-peptone and 2% glucose. YPGal medium was the same as YPD medium except that it contained galactose instead of glucose. SD minimal medium consisted of 0.67% yeast nitrogen base without amino acids (Difco) and 2% glucose. SGal medium was the same as SD medium except for the substitution of galactose for glucose and the addition of raffinose (1%). For plasmid selection, SD minimal medium was supplemented with the required amino acids and nitrogen base (50 g/ml). YPD medium containing 1 mg/ml 5-fluoroorotic acid (FOA) was used for negative selection of the URA3 cassette. LB medium plus ampicillin (100 g/ml) was used to propagate recombinant plasmids in bacteria.
Gene disruptions. KlSTE50, KlSTE11, and KlSTE5 gene disruptions in both MATa (strain 155) and MAT␣ (strain 12/8) cells were achieved by homologous recombination as described previously (13) . Disruption of KlGPA1 (G␣) and KlSTE4 (G␤) genes were previously described (12, 22) . ⌬Klgpa1 mutant was grown on FOA for selection of ura3 strains, and then the ⌬Klgpa1⌬Klste4 and ⌬Klgpa1 ⌬Klste50 double mutants were obtained by homologous recombination reintroducing the URA3 marker on KlSTE4 and KlSTE50 loci, as described previously (12, 13) . Gene disruptions of single and double mutants were confirmed by Southern blot hybridization.
Gene constructions. KlSTE50 was amplified by PCR from genomic DNA employing the forward primer (Ϫ19)-ATAGAAACAAAAActcgagATGAGCG GTAC-(ϩ11) (Primer 1) (numbers in parentheses indicate nucleotide coordinates relative to A in the ATG start codon) and the backward primer (ϩ929)-AAGTGTTTTTTctcgagGATGAAGGAGGAG-(ϩ899) (Primer 2) that introduce XhoI sites (lowercase letters), generating a 914-bp product. This product containing the full KlSTE50 open reading frame (ORF) was subcloned into pCR4-TOPO (Invitrogen) to generate pCR-STE50. A 956-bp XhoI fragment was obtained from pCR-STE50, treated with Klenow, and ligated into YEpKDGalHis (12) to generate YEpKD-STE50. This places KlSTE50 under the control of the GAL1 promoter. A His 6 -KlSte50-tagged protein was constructed by PCR employing the forward primer (Ϫ30)-CAAAAActcgagATGCACCACC ACCACCACCACAGCGGTAC-(ϩ 11) and backward Primer 2. The forward primer introduces an XhoI site (in lowercase) followed by an ATG start codon and six in-frame His codons. The PCR product was subcloned into pCR4-TOPO to generate pCR-HIS-STE50. A 974-bp XhoI fragment was obtained from pCR-HIS-STE50, treated with Klenow, and ligated into the EcoRI-Klenow-treated YEpKDGalHis, to generate YEpKD-His-STE50. Construction of YEpKD-STE4 was previously described (12) .
Construction of pJG4-5-STE50 was previously reported (13) . pEG202-STE50 was constructed by ligating a 914-bp NcoI-XhoI fragment obtained from pCR-STE50 into pEG202 digested with the same enzymes. pJG4-5⌬SAM (where SAM is the sterile alpha motif) was constructed as follows: a 679-bp PCR fragment obtained with the forward primer (ϩ250)-GTGctcgagATGAAAGGC TTACACCAGACG-(ϩ279) (Primer 3), which introduces an XhoI site (lowercase), and backward Primer 2 was digested with XhoI and ligated into pJG4-5 digested with the same enzyme. pJG4-5⌬RA (where RA is the Ras association domain) was generated with the same strategy as pJG4-5⌬SAM except that the PCR product (580 bp) was obtained employing Primer 1 and the backward primer (ϩ580)-GCCTGGAGTActcgagGATTAGGGTGTGGT-(ϩ550) (Primer 4), which replaces AT by TA (underlined) and the Gly codon (residue 196 of KlSte50p) by a stop codon at position ϩ559 (restriction site is in lowercase letters). To produce pJG4-5SAM, a 289-bp PCR fragment was obtained employing forward Primer 1 and the backward primer (ϩ270)-TAAGCCTTTctcgagC AACACTTATTCTTG-(ϩ 240) (Primer 5; the XhoI site is indicated by lowercase letters), which introduced T instead of A at position ϩ247 (underlined). This changes the natural Leu codon for a stop codon at position 83 of KlSte50p. pJG4-5Ser/Thr was constructed by ligating a 330-bp PCR fragment from genomic DNA employing Primer 3 and Primer 4, generating a 330-bp product. To produce pJG4-5RA a 373-bp PCR fragment was obtained with the forward primer (ϩ556)-CCCGGActcgagAATATGCCAGGCGGAGCT-(ϩ586) (Primer 6; XhoI site is in lowercase letters) and reverse Primer 2. All PCR products were first cloned into pGEM-T-Easy vector (Promega), excised with XhoI, and subcloned into pJG4-5 opened with the same enzyme.
Construction of pEG202KlGPA1 and pEG202KlGPA1
Q298L
, pJG4-5KlSTE4, and pEGKlSTE11 was reported previously (12) .
The VN-G␣ fusion protein was constructed as follows: a 560-bp PCR fragment that contained an N-terminal fragment of the Venus variant (VN) of the yellow fluorescent protein (YFP) (34) was amplified using forward primer ACAGATC CAgcggccgcATGGTGAGCAAG, which contains an NotI restriction site (lowercase letters), and the backward primer 5Ј-TGCGACGCAACCCATCTCGAT GTTGTGGCG-3Ј, which was designed as a hybrid primer that anneals to the last 15 nucleotides of the N terminus of Venus (except for the stop codon) and overlaps with the first 15 nucleotides of the KlGPA1 ORF (in italics). The PCR product was then used as a primer in a second PCR along with the KlGPA1 reverse primer ATATGTAATGTgcggccgcTACCTGACATA, which contains an NotI restriction site (lowercase). The 1,900-pb PCR product was ligated into pGEM-T-Easy vector and excised with NotI to render pGEM-VN-KlGPA1. The fragment thus obtained was cloned into pSAL2 (19) previously digested with NotI, yielding pSAL2-VN-KlGPA1, which places the hybrid gene under the control of the Cu ϩϩ promoter. The VC-KlSte50p fusion protein was constructed as follows. A C-terminal fragment of the Venus variant (VC) of the yellow fluorescent protein was amplified using the forward primer (Ϫ21)-CTGAAAC AGAAAGTCctcgagATGGACAAGCAG-(ϩ12) that contained an XhoI site (lowercase) and the hybrid reverse primer ATTTGTACCGCTCATCTTGTACA GCTCGTC, which annealed to the last 15 nucleotides of the C terminus of the Venus fragment and overlapped with the first 15 nucleotides of the KlSTE50 ORF (italics). This PCR product was then used as forward primer in a second PCR along with the KlSTE50 reverse primer (ϩ927)-AGTGTTTTTTCCtctaga TGAAGGAGGAG-(ϩ898), which contains an XbaI restriction site (lowercase). The 1,200-bp PCR product was ligated into pGEM-T-Easy vector to yield pGEM-VC-KlSTE50. This plasmid was then digested with XhoI-XbaI, and the fragment thus obtained was cloned into pYES2 (Invitrogen) previously digested with XhoI-XbaI, yielding pYES2-VC-KlSTE50, which places the fused gene under the control of the GAL1 promoter.
The KlG␤-Ste50p fusion protein was constructed as follows: the hybrid primer ACACCGGTTCATCAGttgATGAGCGGTACAAAT, which anneals to the last 15 nucleotides of the KlSTE4 ORF (excluding the stop codon) and to the first 15 nucleotides of the KlSTE50 ORF (italics), linked by a Leu codon (lowercase) was employed along with reverse Primer 2 to amplify KlSTE50 using pCR-STE50 as a template. A second PCR was done using the PCR product as a reverse primer and the forward primer CCCGGGATGTACCCATACGATGTTCCT that anneals to the 5Ј end of the hemagglutinin (HA) epitope using YEpKD-HA-STE4 (22) as a template. The resulting product was ligated into the EcoRI-Klenowtreated YEpKDGALHis vector as a blunt-ended fragment. The resulting construct contains KlSte50p linked to the C terminus of KlG␤ by a Leu residue, tagged with HA in the N terminus of G␤, and under the control of the GAL1 promoter (YEpKDGalSTE4/STE50).
Mating assays. Qualitative mating assays were done as described previously (12) . Briefly, a cell patch of the strain to be tested was grown on YPD or SD (for strains carrying plasmids) medium for 24 h. The tester strain was grown as a lawn on YPD medium for 24 h. Both strains were replica plated onto YPD or YPGal (for YEpKDGal constructs) plates and incubated overnight at 30°C to allow cells to mate. Diploids were selected at 30°C by replica plating on SD medium and photographed 24 h later. For quantitative mating assays (12) , strains to be tested were grown until mid-log phase in SD medium (for strains carrying plasmids), and 1 ϫ 10 6 cells of each strain were mixed in 100 l of YPD or YPGal medium. Mating was carried out by incubation overnight at 30°C. Suspensions were diluted and plated on SD medium until diploid colonies appeared.
Protein interactions. Assays of physical interaction were done with the LexA-B42 two-hybrid system as described previously (24) . Protein interaction was determined by expression of the LACZ reporter located in the pSH18-34 plasmid. The S. cerevisiae endochitinase gene (CTS1) cloned into pEG202 (24) was used as negative-interaction control. Strain EGY48 was transformed with twohybrid plasmids and grown on SD plates at 30°C until colonies appeared. Selected clones were grown in SD medium for 24 h at 30°C, transferred to SGal medium, and incubated 4 more hours. Quantification of ␤-galactosidase activity was done as described previously (24) . For the bimolecular fluorescence complementation (BiFC) assay, strain W303-1A was transformed with pYES2-and pSAL2-based constructs. Cells carrying plasmids were grown in SD medium until mid-log phase, washed, and suspended in SGal medium containing 100 M Cu 2 SO 4 . Cultures were incubated for 2 h at 30°C, and cells were directly observed at a magnification of ϫ100 with the YFP filter of a confocal microscope. The merged images were obtained with the Olympus Fluoview FV100 software, version 1.4.
Cell fractionation. Cell fractionation was performed as described previously (22) . Yeast cells were grown at 30°C in YPGal medium to mid-log phase, harvested, washed twice with 50 mM Tris (pH 7.5), and then resuspended in 50 mM Tris (pH 7.5), 1 M Sorbitol, and 5% ␤-mercaptoethanol. Spheroplasts were prepared by adding lyticase (500 units/g cells) and phenylmethylsulfonyl fluoride (PMSF; 1 mM) and incubated for 120 min at 30°C. From this point on all steps were carried out on ice. Spheroplasts were sonicated by four times for 1 min each time at 30-s intervals. The spheroplast suspension was centrifuged for 10 min at 3,000 ϫ g to remove unbroken cells and cell debris. The cleared lysate was centrifuged at 100,000 ϫ g for 30 min. The supernatant (cytosol fraction 1) was saved. The pellet was suspended in 50 mM Tris-1 mM EGTA (pH 7.5) (TE buffer) and centrifuged at 100,000 ϫ for 45 min. The supernatant (cytosolic fraction 2) was transferred to a clean tube. The pellet (membrane fraction) was resuspended in TE buffer. An aliquot from each fraction was removed for protein quantification; the rest was kept at Ϫ70°C. One volume of 2ϫ SDS-PAGE sample buffer was added to 150 g of protein from each fraction and boiled for 10 min. Prior to electrophoresis, an aliquot of each fraction containing 150 g of protein was diluted with one volume of 2ϫ SDS-PAGE sample buffer and boiled for 10 min.
Immunoblotting. Proteins were resolved by SDS-PAGE, electrotransferred to nylon membranes (Millipore Corporation), and blocked in 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS)-0.05% Tween 20. Blots were incubated with mouse monoclonal anti-His 6 -peroxidase (Roche), rat monoclonal anti-HA-peroxidase (Roche), or rabbit anti-Hog (Santa Cruz Biotechnology) antibody according to the supplier's directions. Filter-bound Hog antibodies were detected with horseradish peroxidase (HRP)-conjugated secondary goat anti-rabbit IgG antibody (Zymed). Blots were visualized with chemiluminescent HRP substrate (Millipore Corporation).
Other methods. All recombinant genes and PCR products were sequenced in full. Probes for Southern blot analysis were labeled with [␣- 
RESULTS
A diploid formation assay of the ⌬Klgpa1 mutant in K. lactis has shown that lack of KlG␣ diminishes mating to about 20% (Fig. 1) , indicating that, in contrast to results in S. cerevisiae, disruption of the KlGPA1 allele resulted in viable cells with a moderate efficiency in mating. While disruption of KlSTE4 abolished mating, its overexpression did not affect mating in the ⌬Klgpa1 mutant (Fig. 1) . These observations indicate that KlG␣ has signaling activity of its own and that it is independent from the KlG␤ subunit. Downstream from the G protein, both the ⌬Klste5 and ⌬Klste11 mutants showed full sterility ( Fig. 1)  (13) . Taken together, the above results indicate that both KlG␤ and KlG␣ activate mating. KlG␤ is required for mating, and KlG␣ is dispensable but contributes to mating. The G␣ subunit should be connected somehow to the MAPK module to trigger mating in response to sexual pheromones.
Epistasis experiments have located Ste50p acting downstream of the G protein and upstream of the MAP kinase complex in S. cerevisiae (41) . However, in this yeast, the G␣ subunit does not appear to positively control the mating response; instead, its main role is downregulation of the pheromone signal (20) . In K. lactis we have found that disruption of the KlSTE50 gene affected mating with moderate strength, to about 50% of the wild-type efficiency (Fig. 1) , indicating that this protein is required to achieve full mating. Inactivation of KlSte50p did not further increase the mating deficiency shown by the single ⌬Klgpa1 (Fig. 1) , suggesting that KlG␣ and KlSte50p participate in the same branch of the mating pathway. Finally, overexpression of KlSte50p was able to increase moderately (from 20% to 50%) the mating capacity of the ⌬Klgpa1 mutant but not that of the ⌬Klste4 strain (Fig. 1) , which suggests that KlSte50p is acting downstream of the G protein and has a functional relationship with KlG␣ but not with KlG␤.
The above results suggest that KlG␣ activates the mating pathway using KlSte50p as an effector protein. KlSte50p is 41% identical to its S. cerevisiae homologue. Within the primary structure, the sterile alpha motif (SAM) domain, located at the N terminus, and the RAS association (RA) domain, located at the C terminus, are the most conserved regions in both proteins (26, 13) (Fig. 2A) . A central Ser/Thr-rich region, which separates the SAM and RA domains, is the least con- (155) or its mutant derivatives were streaked on SD medium selective for YEpKDGal plasmids and replicated onto YPGal plates containing a lawn of the tester strain (strain 12/8). Plates were incubated for 12 h at 30°C to allow cells to mate, and cells were replicated onto SD plates for diploid selection. Plates were photographed 48 h later. All mutant strains were treated with 5-fluoroorotic acid (FOA) for negative selection of the URA3 cassette used for gene disruption. WT or mutant strains were transformed with empty YEpKDGal (not shown), YEpKD-STE50, or YEpKD-STE4 plasmid prior to mating. Mating efficiency was determined by mixing 1 ϫ 10 6 cells of each parent in YPGal medium and incubating the cells for 12 h at 30°C. Cells were collected by centrifugation, diluted, and plated on SD medium until colonies appeared. Numbers are the average of three independent experiments and are relative to the mating efficiency of the wild-type cross (155 ϫ 12/8). (27) . To determine the connection between the KlG␣ and KlSte50p, we first assayed protein-protein interactions using the LexA-B42-based two-hybrid system. This system detected that the wild-type KlSte50p makes a significant interaction with KlGpa1, equal to about 50% of the interaction observed between the KlG␣ and KlG␤ subunits that were used as positiveinteraction controls in these assays (Fig. 2B) . We made a series of constructs in the two-hybrid vectors in order to investigate which domain of KlSte50p is required for its association with KlG␣. Additionally, we determined if KlSte50p is able to differentiate between a constitutively active (GTP-bound) KlG␣ protein and an inactive (GDP-bound) KlG␣ protein. As a GTP-bound KlG␣ subunit, we used the KlGPA1 allele with a Q298L mutation (KlGPA1 Q298L ), which lacks GTPase activity, as described previously (18), and for the GDP-bound form we use the wild-type KlG␣ subunit, which remains inactive in S. cerevisiae haploid cells. We dissected KlSte50p in the domains indicated in Fig. 2A , and we performed two-hybrid assays with the full-length KlG␣ protein. Determination of ␤-galactosidase activity showed that the binding of the full-length KlSte50p to the G␣-GDP form is stronger than to the G␣-GTP protein (Fig. 2B) . Additionally, as can be observed in Fig. 2B , both the SAM and RA domains, when assayed as independent fragments, make physical contact with the KlG␣ subunit while the Ser/Thr domain fails to do so. In these assays, we observed that the interaction displayed by the RA domain is 2-fold stronger than that observed with the SAM domain. In agreement with these observations, a construct of KlSte50p lacking the SAM domain showed stronger interaction than one lacking the RA portion of the protein (Fig. 2B) . As with the full-length KlSte50p protein, the constructs containing the RA domain or the SAM domain or those lacking RA or SAM displayed stronger association with the inactive KlG␣ subunit than with the GTP-bound KlG␣ subunit (Fig. 2B) .
Since Ste11p and Ste50p are constitutively and tightly associated in S. cerevisiae through their SAM domains (10), we determined whether KlSte50p and KlSte11p interact with each other and if this interaction is also mediated by the SAM domain of KlSte50p. The two-hybrid assay revealed that KlSte50p has a strong interaction with the KlSte11p MAPKK kinase (Fig. 2C) . The KlSte50p SAM domain mainly mediates this interaction. The interaction between the SAM fragment and KlSte11p was 7-fold higher than that of the RA domain with KlSte11p (Fig. 2C) . When the SAM domain is missing from the interacting constructs, the binding with KlSte11p drops 3-fold compared to that of the wild-type protein (Fig.  2C) . These results indicate that the SAM domain of KlSte50p is essential for KlSte11p interaction and suggest that Ste50p and Ste11p form a complex in K. lactis similar to their S. cerevisiae counterparts.
In addition to examining the interaction observed between KlG␣ and KlSte50p by the two-hybrid transcription system, we wanted to determine if the interaction can be also observed in an assay without transcription, for which we used a bimolecular fluorescence complementation assay (BiFC) (34) . We fused an Fragments used for two-hybrid assays are shown. (B) Protein interactions determined by the two-hybrid system. Full-length KlSTE4, KlSTE50, and the indicated fragments were cloned into the activation plasmid pJG4-5. The wild-type KlGPA1 and KlGPA1 Q298L alleles, which encode GDPand GTP-bound G␣ subunits, respectively, were cloned into the binding plasmid pEG202. Plasmids were introduced into strain EGY48. The ␤-galactosidase activity (24) of the KlSTE50 constructs is relative to the KlG␣-KlG␤ (pEG202KlGPA1-pJG4-5KlSTE4) interaction, and data represent the average of three independent clones. The S. cerevisiae endochitinase gene (CTS1) cloned into pEG202 was used as negative-interaction control for each KlSTE50 construct. (C) KlSte50p-KlSte11p interaction. Fulllength KlSTE50 and the indicated fragments, cloned into pJG4-5, were assayed for the interaction with KlSTE11, which was cloned into pEG202. ␤-Galactosidase activity is relative to the interaction of full-length KlSTE50 and KlSTE11 and is the average value of three independent assays.
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N-terminal fragment of the Venus yellow fluorescent protein ([YFP] VN) to the N terminus of the KlG␣ subunit to produce VN-G␣ and a C-terminal fragment of the Venus YFP (VC) to the N terminus of KlSte50p to produce VC-Ste50p. These hybrid proteins were placed into vectors that contain the Cu ϩϩ -and GAL1-inducible promoters, respectively. Coexpression of both constructs in S. cerevisiae using galactose/ Cu ϩϩ induction medium yielded the formation and maturation of the YFP fluorophore (see Fig. S1 in the supplemental material) while coexpression of VN-G␣ with VC alone and VC-Ste50 with VN alone did not produce any fluorescent signal. This observation indicates that the interaction shown by KlG␣ and KlSte50p is strong enough and can be observed by not only the two-hybrid transcription system but also the BiFC reporter.
In addition to the protein interaction assays, we determined by immunoblotting the cellular localization of KlSte50p in both wild-type and ⌬Klgpa1 cells (Fig. 3) . Cytosolic fractions 1 and 2 (Fig. 3, C1 and C2, respectively) and the membrane fraction (Fig. 3, M) were prepared as described in the Materials and Methods section. To detect KlSte50p, we fused a six-His tag to its N terminus and probed it with an anti-His 6 antibody. KlHog1p (a cytosolic protein under isosmotic conditions) detected with antiHog1 was used as a marker for the cytosolic fraction. The KlHis-Ste50 protein was detected in the first cytosolic fraction in cells lacking KlG␣ (Fig. 3, C1) ; however, when the KlG␣ subunit was present (Fig. 3, WT) , a significant proportion of KlHis-Ste50p was retained and was detected in the second cytosolic fraction (Fig. 3, C2 ). KlHog1p fractionated with the first supernatant in both wild-type and ⌬Klgpa1 cells. KlSte50p was not detected in the membrane fraction by this strategy. These results indicate that KlSte50p is partially resistant to solubilization by its interaction with KlG␣.
Taken together, the above results indicate that there is a complex formed between the KlG␣ subunit and KlSte50 protein in the unstimulated haploid cell and that this complex is favored by the RA domain of KlSte50p; they further suggest that KlG␣ translocates KlSte50p to the membrane, and upon activation by sexual pheromone, KlSte50p becomes available to participate in the MAPK module formation.
If this hypothesis is correct, then a fusion protein between
KlSte50p and the KlG␤ subunit should bypass the need for G␣ in the mating cascade in K. lactis. To construct the chimeric protein, we considered that the fusion of G␣ to the C terminus of G␤, linked by a single Leu residue, did not affect either G␤ or G␣ activity and produced a protein with mating activity in S. cerevisiae (14) . Considering the above observation, we fused the KlG␤ subunit to the N terminus of KlSte50p, including a Leu residue to link the last KlG␤ amino acid with the first Met residue of KlSte50p (Fig. 4) . Additionally, by adding an HA epitope to the N terminus of KlG␤ and the KlG␤-KlSte50p hybrid, we determined that the expression level of the fused protein was similar to that of KlG␤ alone when it is expressed from the GAL1 promoter (data not shown). In a diploid formation experiment we found that the KlG␤-KlSte50p protein significantly increased the mating efficiency of a ⌬Klgpa1 ⌬Klste50 mutant (Fig. 4) , indicating that lack of KlG␣ may be circumvented when KlSte50p is translocated to the plasma membrane through its fusion with the KlG␤ subunit. The KlG␤-KlSte50p hybrid protein also reversed the mating deficiency of the ⌬Klgpa1 ⌬Klste4 double mutant (Fig. 4) , indicating that KlG␤ activity was not affected by the addition of KlSte50p to its C terminus. Neither the ⌬Klgpa1 ⌬Klste50 nor the ⌬Klgpa1 ⌬Klste4 mutant expressing KlG␤-KlSte50p mated at the wild-type level, suggesting that the fusion protein is not fully competent for mating and/or that the KlG␣ subunit is still needed to reach total mating efficiency. 
DISCUSSION
Loss of G␣ leads to permanent growth arrest due to constitutive G␤ signaling in S. cerevisiae haploid cells (21, 23) , but in K. lactis lack of KlG␣ produces viable cells with reduced mating capacity (29) . Additionally, lack of KlG␤ in K. lactis produces full sterility while lack of KlG␥ has no effect on mating (12, 22) .
Our analysis of the effects of KlSTE50 disruption has revealed that this protein is required to achieve proper mating in K. lactis. We have found that the ⌬Klste50 mutant is 50% defective in mating when crossed with wild-type haploid cells. Additionally, a strain lacking the KlG␣ subunit, which is 80% defective in mating, is not further affected by elimination of KlSte50p, which suggested that they participate in the same branch of the pheromone response pathway.
G protein subunits activating mating have been described in other yeast species; however, nothing is known about their possible effectors. The basidiomycete C. neoformans, for example, contains three G␣ subunits, one G␤, and two G␥s. It appears that a combination of G␣2, G␤, and G␥2 regulates mating positively (37, 17) . In this species, an Ste50p ortholog has been recently implicated in mating through a MAPK cascade (11), but no connection with the G protein was described.
The data obtained by our interaction assays suggest the existence of a complex formed by the KlG␣ subunit and KlSte50p. The association of KlSte50p, mediated mainly by its RA domain, is weaker with the active form of KlG␣ than the association with the inactive subunit. Additionally, KlSte50p strongly interacts through its SAM domain with KlSte11p. These observations allowed us to postulate that exchange of a guanine nucleotide in the KlG␣ subunit promoted by binding of pheromone to the G protein-coupled receptor triggers partial release of KlSte50p, which in conjunction with KlSte11p becomes available to form a stable complex with KlSte5p. Lack of KlG␣ diminishes the efficiency of KlSte50/KlSte11-KlSte5-G protein complex formation affecting mating. Artificial anchoring of KlSte50p to the membrane by means of its fusion to the KlG␤ subunit significantly rescues the cell from the lack of KlG␣. All these data suggest that one contribution of G␣ to the mating pathway is to bring KlSte50p to the membrane to increase the efficiency of MAPK complex formation. Although the fusion protein KlG␤-KlSte50p rescues the mating deficiency of the ⌬Klgpa1 mutant, this rescue is not complete. This may suggest that KlG␣ is required not only to translocate KlSte50p to the membrane and, consequently, to carry the MAPK module to the vicinity of the receptor-G protein complex but also to efficiently activate the KlG␤␥ dimer in response to the mating factor.
In S. cerevisiae Ste50p (ScSte50p) is an important component of the pheromone response pathway (41) and also participates in the hyperosmotic response pathway (25, 26) and the invasive/filamentous growth pathway (27) . Ste50p may also participate in the cell wall integrity pathway (16) . Regarding the mating pheromone response pathway, it has been demonstrated that ScSte50p interacts with not only the ScG␣ subunit but also the ScG␤ and ScG␥ subunits (41) , and these interactions would mediate assembly between the G protein and the MAPK complex. However, in S. cerevisiae, G␣ does not appear to have signaling activity through the MAP kinase module; instead, it activates mating by an unknown mechanism requiring Scp160 (7), an RNA binding protein that is predominantly associated with the nuclear envelop and with the endoplasmic reticulum (39, 38) . ScSte50p also associates, through its RA domain, with Cdc42p. This association is required to activate the filamentous growth pathway (36) and the high-osmolarity glycerol pathway (35) . Additionally, it has been shown that the plasma membrane-targeting residues (KKSKKCAIL) of Cdc42p can replace the RA domain of Ste50p, and this chimeric protein is able to suppress cdc42 mutant alleles affected in filamentous growth (36) . Moreover, addition of a prenylation site at the C terminus of Ste50p may rescue a mutant defective in the Ste50p-Cdc42p interaction required for the osmostress response (35) . In K. lactis we have found that fusion of KlSte50p to KlG␤ translocates KlSte50p to the membrane in the absence of KlG␣, making KlSte50p competent to activate mating. All these observations indicate that Ste50p serves as an adaptor between membrane-associated proteins and MAP kinase proteins in a variety of signaling systems.
In this work we have shown that KlSte50p has a role in the mating pathway in K. lactis, in addition to the previous finding that this protein may also participate in osmoadaptation in this species (13) . Besides the apparent conservation of Ste50p function between K. lactis and S. cerevisiae, we have found evidence showing that KlSte50p is an important component of the KlG␣ branch of the mating pathway in K. lactis, which is missing in S. cerevisiae, and we have demonstrated that KlSte50p can differentiate between the active and inactive forms of KlG␣, making KlSte50p a finely tuned modulator of the mating response. Association of KlSte50p with KlG␣ does not rule out that KlSte50p may also associate with other proteins, such as KlCdc42p, to regulate other signaling pathways in K. lactis.
In conclusion, we have shown that KlG␣ activates the mating pathway via the adaptor protein KlSte50p. Previously, we have found that the KlG␤ subunit may contribute to the mating response in the absence of a KlG␥ protein (22) . These facts make the mating signaling system in K. lactis unique among fungi.
